An analytical, complete framework to describe the current-voltage (I-V) characteristics of organic diodes without the use of previous approaches, such as injection or bulk-limited con duction is proposed. Analytical expressions to quantify the ratio between injection and space-charge-limited current from experi mental I-V characteristics in organic diodes have been derived. These are used to propose a numerical model in which both bulk transport and injection mechanisms are considered simultane ously. This procedure leads to a significant reduction in comput ing time with respect to previous rigorous numerical models. In order to test the model, different diode structures based on two different polymers: poly(2-methoxy-5-{3',7'-dimethyloctyloxy}-pphenylenevinylene) (MDMO-PPV) and a derivative of the poly(2,7fluorene phenylidene) [PFP:(CN) 2 ], have been fabricated. The present model is excellently fitted to experimental curves and yields the microscopic parameters that characterize the active layer.
I. INTRODUCTION
E LECTRICAL behavior of polymer light-emitting diodes (PLEDs) has been generally interpreted by a paradigm consisting of two processes: carrier injection at the metalorganic interface and subsequent carrier transport along the bulk. In terms of an equivalent circuit, the process may be understood as an electric-field-controlled current source, in series with a variable resistance, dependent on the injected space charge.
In general, current density-voltage characteristics (J&-V&) are modeled assuming simplifications, such as injection-limited or bulk-limited conduction. However, for the typical active layers used in organic diodes, both processes may limit conduction in a comparable way when a moderate barrier for carrier injection is present, e.g., 0.2-0.5 eV. In this case, Jb-Vb characteristics need to be calculated by complex numerical models that re quire difficult and time consuming procedures [1]- [3] . In this paper, we establish an analytical framework to solve not only the injection and bulk limited cases, but also devices where both mechanisms play a significant role. Moreover, we define a simple analytical expression to quantify the ratio between both limiting conduction regimes, injection and bulk, for any mea sured Jft-V;, characteristic. Guidelines to derive an analytical function for the electric field at the interface between metal and polymer are also given. Some of the resulting expressions may be readily used to model the single-carrier organic diode response with a significant computing time reduction.
Proposed injection mechanisms in literature have been, so far, based either on a classical approach, e.g., the thermionic effect, where a Richardson-like constant needs to be defined [4] , [5] , or on a microscopic approach of carrier hopping between discrete states [6] . Within the latter approach, an analytical model for the injection current density, J; n j, including both structural and energetic disorder was proposed in [7] . Experiments aimed to check the validity of both approaches have been performed measuring the temperature dependence of the injected current [8] . Attending to these studies, the hopping nature of both charge transport and injection from the contact into localized states of the polymer is currently well established, and will constitute our framework.
All mentioned injection mechanisms are dependent on electric-field, J; n j (ET), where ET is the total electric field, and include a slight modulation of the effective barrier height due to the image-charge effect. Therefore, an accurate knowledge of the electric field at the interface, ET (X = 0) is necessary for a reliable evaluation of the injected current. This is not, in general, an easy task.
The other process regarding carrier transport in the bulk is usually formulated in terms of the Mott-Gurney formalism [9], which is derived from three fundamental equations where J5 is the total current density in the bulk, ET(X) the position-dependent electric field, e the elementary charge, /z the equilibrium carrier mobility, e 0 the vacuum permittivity, e the material dielectric constant, t the active layer thickness, V& the external bias (after the effect of the built-in potential resulting from the asymmetric work functions of the electrodes is corrected), [p] the total carrier density, and [p n ] the density of carriers contributing to transport. 
where N t is the total site density, v 0 the attempt-to-jump frequency, T 0 the carrier lifetime in the transport level, and g(E) the density of states (DOS).
On the other hand, either in the referred Mott-Gurney formalism or in those more sophisticated [9], [13], the dependence of mobility on the electric field and space charge is usually not considered in the first approximation. A similar approach is assumed in our model, since otherwise, an analytical solution is not feasible. Consequences of this simplification are briefly discussed in Section IV.
Solutions of the electric field function, ET(X), from (1)-(3), exhibit very different spatial dependences in two extreme cases: when significant injected charge is present via ohmic contact, or when the injection barrier is high enough to consider injected current negligible, as in the case of a capacitor. In the latter case, the internal electric field must be uniform, it being ET (0) = V^/t at the interface, while in the former case, a dependence on the square root of the spatial coordinate is predicted by (1), giving ET(0) = 0 [9], [13] . Then, it may be considered that the effective field at the interface ET(0) falls within both limits (0 -V^/i), when a moderate injection barrier from metal to organic is present. In this work we propose an easy formalism to determine this field, and therefore, to obtain the Jft-V;, characteristic of single carrier organic diodes without assuming previous approaches concerning injection or spacecharge-limited transport.
II. THEORY
For that purpose, we invoke the superposition principle to split the total ET(X) in two components, ET(X) = E sc (x) + Eo. Where E sc (x) is due to the space charge effect, and EQ is the remaining uniform field in the bulk, that must verify
Since EQ is deduced in terms of the voltage drop along the bulk, the contribution from the image charge effect, which is confined to the very thin region close to the interface, may be neglected in sufficiently thick diodes.
Substituting the value of ET (X) into (1) and combining with (2) and (4), the following first-order, non-linear differential equation for E sc (x) is obtained:
Applying the usual boundary condition for the space charge field at the interface E sc (0) = 0, we obtain
By integrating the electric field along the active layer thickness, and equating to the external voltage V& [see (3)], we obtain the following:
From (8), a characteristic behavior of J5 as a function of both the external bias, Vb, and the field at the interface Eo, is obtained, in the (9) shown at the bottom of the page.
It is worth noticing that when Eo vanishes, (9) reproduces the Mott-Gurney expression in the presence of carrier trapping
If Eo equals the other limit value, Vb/t, we are in a situation similar to a capacitor, where Jb = 0. In fact, it may be proven that Eo approaches Vb/t asymptotically for injection barrier (A) tending to infinity, and consequently also, J; n j = 0. In any case, before reaching that limit, some of the approximations carried out, as that of neglecting [p 0 ], likely fail.
The combination of any injection model, J; n j = J; n j (Eo), with both (9) and the continuity equation at the interface for the current density under steady regime (in the absence of carrier recombination), provides a complete system that allows to derive a function for the total diode current Jb(Vt>). Thus, providing that mobility and physical parameters of J; n j are known, (11) may be numerically solved for any bias Vb to determine Eo, and hence, the current density Jb. Alternatively, one can readily derive with the aid of computational algebra, either from (8) or (9), an analytical expression for Eo as a function of Jb, Vb, that may, in turn, be used to eliminate Eo in (11), so obtaining an implicit function for the total diode current Jb =f(JbVb). The latter procedure has been used in this paper to fit more efficiently our theoretical model to the experimental data, as will be explained further
It is of major interest to have a J-V expression easily fitted to experimental data. In this sense, our method overcomes the problem of using numerical recipes to determine Eo, leading to a significant reduction in computing time by one order of magnitude with respect to rigorous numerical procedures [1].
On the other hand, we can define
, and is useful to reveal the role played by each limiting conduction mechanism, either injection or bulk, in the diode. Thus, for any measured value of Jb and Vb, and assuming that material mobility is known, (3 provides a quantitative criterion to quickly check the validity of the injection limited (/? = 0) or bulk-limited (/? = 1) approximations.
III. EXPERIMENT
In order to check the validity of our model, singlecarrier diodes with structure anode/hole injection layer/active layer/cathode were fabricated using two different active layers with several thicknesses: 1) poly(2-methoxy-5-{3',7'-dimethyloctyloxy}-/>phenylenevinylene) (MDMO-PPV), and 2) a ciano-derivative of the poly(2,7-fluorene phenylidene) [PFP:(CN) 2 ] [ 14] . The 40-nm-thick hole injection layer is based on poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate) (PEDOTPSS). This anode interface layer, together with the high injection barrier expected between Al and the lowest unoccupied molecular orbital (LUMO) of the polymers, support the assumption of hole-only conduction. In any case, the voltage range shown in the -J-V plots is below the onset for electroluminescence (EL) in all devices.
The entire fabrication process is carried out in a clean room (class 10000). Commercial indium-tin-oxide (ITO, thickness = 100 ± 5 nm) coated glass is used as substrate. Prior to film deposition, the substrates went through a typical organic material cleaning process. The final diode passive matrix contains eight diodes with two different radii, 0.5 and 0.75 mm, consisting of a common Al cathode, and an individual ITO anode for each diode. The fabrication process consists of several steps. First, tracks and pads are patterned on the ITO-coated glass by means of a photolithographic process. In a second photolithographic process, photoresist wells are built on top of ITO pads. The insulating behavior of the photoresist avoids leakage currents between adjacent diodes. A hole transport layer of PEDOT/PSS is spin-casted at 6000 r/m and dried at 110 °C for 30 min in N2 atmosphere. Such material is insoluble in organic solvents, and therefore, prevents the photoresist from being redissolved by the polymer solution. The organic active layer is spin-casted at 6000 r/m and annealed at 115 °C for 30 min in N2. The Al cathode is thermally evaporated on top of the organic layer surface in an atmosphere of 10-6 torr. Devices are encapsulated using a glass cover attached by a bead of epoxy adhesive [EPO-TEK (302-3M)]. This process is carried out into a glove box in inert atmosphere. Fig. 1 (left) shows the layer structure. Finally, contact wires are indium soldered to the ITO pads. The final device is the eight-diode passive matrix, shown in Fig. 1 (right) . Biasing is provided through the ITO paths that connect each anode to the outer wire.
The film thickness was measured with an Alpha-Step 200 (Tenkor) contact profilometer. Current-voltage characteristics were recorded using an Agilent 4155 C semiconductor parameter analyzer and an Agilent 41501B SMU pulse generator.
IV RESULTS
Spatial dependence of the total electric field (Eo + E sc ) obtained with our model, for a 100-nm-thick sample, 0.5 eV barrier for carrier injection, and biased at Vb = 20 V, is illustrated in Fig. 2 . The total electric field was calculated for a given subset of microscopic parameters, mobility and bias. The calculation of Eo and E sc (x) was then carried out separately. First, (11) is solved for the mentioned set of physical parameters, using an injection function J; n j(Eo) proposed by Arkhipov et al. [7, eq. (17) ]. This is a microscopic mechanism that considers the probability of carrier hopping from the metal to a random positionally and energetically system. Once Eo is known, the electric field due to the space charge was determined using (7).
For high mobility values, the electric field is quasi-uniform across the sample. This intuitively agrees with the fact that a high mobility does not favor carrier accumulation, lowering the space charge effect. However, as mobility decreases, the electric field resembles that of a bulk-controlled mechanism. Notice that the electric field at the interface (x = 0) is never higher than Vb/t. The fact that the electric field may increase over Vb/t with increasing layer depth layer is a common feature of the space-charge regime, here observed for x > 50 nm. These results are in perfect agreement with those also shown by Arkhipov etal.
[13].
The result of applying our model to the study of PLEDs electrical behavior is presented in Fig. 3 . That shows the experimental Jexp-V e xp of two diodes, based on the structures: ITO/PEDOT:PSS/MDMO-PPV/Al and ITO/PEDOT:PSS/PFP: (CN) 2 /A1. The EL onset for both PLEDS was detected above the maximum bias plotted, so that single-carrier conduction is assured. The model proposed in the previous section has been fitted to the experimental data, using the mentioned injection function Ji n j(Eo) proposed by Arkhipov et al. A number of physical parameters are involved in this model: barrier height for carrier injection (A), energetic width (a) of the DOS for the energy level under Gaussian approximation, carrier inverse localization radius (7), average nearest neighbor distance (a), and the attempt-to-jump frequency (V 0 ). All are well described in [7] , and most of them may be physically measured, although not with similar accuracy. Solid lines in Fig. 3 illustrate the fit.
The fitting procedure has been performed using a nondeterministic genetic algorithm, since this type of algorithms is considered more suitable for systems with many parameters [15] . In our case, these parameters are /i, A, a, 7, and a. Attempt-to-jump frequency v 0 was previously obtained for each PLED from their EL spectra at high bias. Since it is assumed that z/ 0 is enhanced by lattice vibrations, spectrally resolved vibronic features allow a good estimation of this parameter, resulting in ^0(MDMO:PPV) -3.55 x 10 13 s _1 and ^o(PFP:CN2) =4.75X lO^S" 1 .
Having an analytical expression for Eo simplifies the fitting method. The experimental data J exp , V exp together with the initial mobility value (estimated by other physical measurements [16] ) are used to evaluate E 0 . Within our model, this is the exact value that should allow Ji n j to verify the continuity equation, so that Ji n j is calculated using Eo and the rest of fitting parameters. The error function between J in j and J exp is then evaluated, and subsequently, minimized.
Parameters The resulting barrier heights are consistent with data for energy-level alignment between ITO work function and the polymer HOMO levels [14] , [17] . // is the mobility corrected by the factor given in (4), taking into account that not all injected charge contributes to transport. Since carrier mobility is known to be dependent on both electric field and charge density [ 18] , [ 19] , these values must be considered an average within the range of applied voltage. Anyway, we notice that, among the fitting parameters, mobility is found to have the lowest influence on the error function. An increase of the error function due to a change in mobility results several orders of magnitude lower than that caused by a similar relative change in barrier or inverse localization radius. Therefore, this approximation is not considered critical for the other parameters. Mobility value for the MDMO:PPV is consistent with that given by [18] , [20] for the fitted a value. In turn, that obtained for PFP:(CN) 2 agrees with typical mobility values for polyfluorenes [21] . The remaining parameters are in the usual order for PLEDs [7], [10], and their physical discussion is considered beyond the purpose of this paper.
In order to demonstrate the validity of this model, diodes of the same material, and then, with the same set of parameters, but with different thicknesses have been fabricated, characterized and compared with the model predictions. Experimental I-V curves (dotted lines) are plotted in Fig. 4 . Solid lines in this figure show theoretical simulations using the corresponding thicknesses, measured by profilometry. Assuming measurement uncertainties and disregarding nonideal behavior such as leakage currents, the agreement between theory and experiment is reasonably good.
According to [1], current through a typical organic diode should be bulk limited, when barrier heights are lower than 0.2 eV. In that case, the current across the device will be max-imum and would obey Mott-Gurney's law (10). If the contact is clearly non-ohmic (i.e., barrier heights greater that 0.3 eV), injection limits the maximum current given by (10), but still, even if little conduction occurs in the organic device, it should follow the space-charge law in (9). By applying the model proposed in this paper, it is possible to determine the contribution of space charge in any limiting regime, bulk or injection, and no simplifications need to be done.
The inset of Fig. 3 shows the dependence of the (3 function on bias for both PLEDs. In both cases, due to the high barrier for carrier injection, (3 remains close to 0, as expected for injectionlimited conduction. Moreover, a gradual increase of (3 for both diodes is observed for higher voltages, confirming that space charge effect becomes important with increasing bias. As one would also expect, the MDMO:PPV-based PLED will enter before in the bulk-limited regime, due to its lower barrier. This is reflected in a higher value for (3. In this way, the factor (3 enables us to quantify the amount of injection or space-charge effect.
Theoretical predictions about the conduction regime for diodes with other barriers and carrier mobilities are shown in Fig. 5(a) shows that current across the diode equals the maximum current given by (10), so (3 « 1, and therefore, conduction is bulk limited. As barrier height increases, the current moves from a bulk-limited to an injection-limited regime. This regime shift occurs faster at lower bias. For intermediate barriers, 0.5 < A < 0.6, the conduction regime depends on the applied voltage. Further increasing A, the injection limiting regime, (3 « 0, becomes dominant.
The transition from bulk to injection-limited conduction occurs at lower A values when dealing with higher mobilities. Fig. 5(b) illustrates that mobility also plays an important role in determining the limiting conduction mechanism. As mobility increases, the accumulated space-charge is reduced, and the field at the interface approaches the total applied external field (E 0 ~ Vb/t). In other words, the total current Jb is smaller than that predicted by a pure space-charge mechanism (10), so that the injection mechanism becomes dominant. As mobility decreases, the field at the interface is a smaller fraction of Vb/t, and the total current approaches that given by Mott-Gurney law. Fig. 5 indicates to what extent reducing interface barrier and mobility favours bulk limiting conduction.
In conclusion, we have proposed and tested a complete model for conduction in single carrier organic diodes in which both injection and bulk currents are simultaneously considered. Traditionally, the bulk regime is considered to exist in those structures with quasi-ohmic contact. The model confirms the belief, that space-charge current may also play an important role in structures with significant values of the barrier height (0.3-0.7 eV), depending on sample thickness, applied bias, and carrier mobility. An analytical function, /3, has been defined and used to quantify how close we are to the extreme simplifications, injection, and bulk limited conduction, using measurable quantities, such as current and external bias. Araceli Gutierrez-Llorente received the five-year degree in physics and the Ph.D. degree in applied physics from the Universidad Autonoma de Madrid, Madrid, Spain, in 1994 and 1999, respectively.
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